Aberrant WNT pathway signaling is an early progression event in 90% of colorectal cancers 1 . It occurs through mutations mainly of APC and less often of CTNNB1 (encoding β-catenin) 1-3 or AXIN2 (encoding axin-2, also known as conductin) 4 . These mutations allow ligandindependent WNT signaling that culminates in abnormal accumulation of free β-catenin in the nucleus 1-3 . We previously identified frequent promoter hypermethylation and gene silencing of the genes encoding secreted frizzledrelated proteins (SFRPs) in colorectal cancer 5 . SFRPs possess a domain similar to one in the WNT-receptor frizzled proteins and can inhibit WNT receptor binding to downregulate pathway signaling during development 6-10 . Here we show that restoration of SFRP function in colorectal cancer cells attenuates WNT signaling even in the presence of downstream mutations. We also show that the epigenetic loss of SFRP function occurs early in colorectal cancer progression and may thus provide constitutive WNT signaling that is required to complement downstream mutations in the evolution of colorectal cancer.
To begin addressing the role of epigenetic silencing of SFRP genes, we first looked for expression of WNT proteins in colorectal cancer. In all seven colorectal cancer cell lines examined, we found expression of 3 or more of 11 members of the WNT family (Fig. 1a) , a result consistent with previous studies in primary and cultured colorectal cancers [11] [12] [13] . Next, we asked whether SFRPs could downregulate WNT signaling in the colorectal cancer cell lines HCT116 and SW480, which harbor mutations in CTNNB1 and APC, respectively 2, 3 . Indeed, equal expression of hemagglutinin (HA)-tagged SFRP1, SFRP2 and SFRP5, and, to a lesser extent, SFRP4, suppressed β-catenin-T-cell factor (TCF)-regulated transcription (CRT) activity from a reporter responsive to TCF and lymphoid enhancer-binding factor (LEF) in a dosedependent manner ( Fig. 1b and Supplementary Fig. 1 online) . Notably, SFRP4 is less frequently hypermethylated in colorectal cancer 5 and has the least homology with other family members 14 . SFRP1 is thought to silence ligand-dependent WNT signaling by binding of the cysteine rich-domain (CRD) to WNT proteins, thus preventing interaction with FRZ receptors [15] [16] [17] [18] . When we transfected SFRP2 deletion mutants lacking either the cysteine-rich domain (CRD) or the netrin-like domain ( Fig. 1c and Supplementary Fig. 1 online) , the CRD was necessary and sufficient to repress WNT signaling in both HCT116 and SW480 cells (Fig. 1d,e) .
To examine the possibility that re-expression of epigenetically silenced endogenous SFRP genes might have an effect similar to that of their exogenous overexpression, we used HCT116 cells in which the DNA methyltransferase genes DNMT1 and DNMT3B are genetically disrupted (DKO cells) and gene silencing is abrogated [19] [20] [21] . SFRP1, SFRP2, SFRP4 and SFRP5 are hypermethylated and silenced in wildtype HCT116 cells, whereas DKO cells had virtually complete demethylation, re-expression of each SFRP gene (Fig. 2a,b) and marked reductions in canonical WNT signaling relative to wild-type HCT116 cells (Fig. 2c) .
418
VOLUME These results raise the possibility that, even in the presence of activating mutations downstream of the FRZ receptor, the WNT pathway can be further constitutively activated at the ligand level. Indeed, we find that transfection of WNT1 into HCT116 cells increased reporter activation threefold, suggesting that these cells with mutant CTNNB1 retained sensitivity to ligand-driven signaling (Fig. 3a) . Transfection of SFRP1, SFRP2, SFRP5 or, to a lesser extent, SFRP4, suppressed this signaling to near-basal levels, and only SFRP2 deletion mutants retaining the CRD showed suppression activity (Fig. 3a) . Thus, HCT116 cells retained the ability to respond to exogenous WNT1 ligand, and this effect could be inhibited by SFRPs.
We next investigated whether increasing levels of cellular β-catenin could further increase its nuclear activity in colorectal cancer cells. In transfections of wild-type or mutant CTNNB1 (β-catenin ∆45), with or without SFRP genes, wild-type CTNNB1 induced CRT by a factor of ∼3.5 ( Fig. 3b) and, notably, the mutant induced CRT by a factor of 7 ( Fig. 3c) , and SFRP1, SFRP2 and SFRP5 inhibited both wild-type and mutant β-catenin (Fig. 3b,c) . β-catenin ∆45 is encoded by a CTNNB1 allele with a deletion of 3 bp, resulting in the absence of residue 45 of β-catenin; this protein is thought to be resistant to phosphorylation by the APC, GSK3β and axin-conductin complex, rendering it constitutively active 3 . We obtained similar results in SW480 cells (data not shown). Lymphoid enhancer-binding factor-1 (LEF1), a reported target of CRT, forms a complex with β-catenin in the nucleus to activate transcription of target genes. A full-length isoform is selectively expressed in colon cancers 22 . We obtained results similar to those described above in HCT116 cells cotransfected with a full-length LEF1 vector and SFRP genes (Fig. 3d) . Thus, SFRP can potentially inhibit the entire canonical WNT pathway in colon cancer cells.
Phosphorylation of free β-catenin by the APC-axin-GSK3β complex silences canonical WNT signaling by stimulating ubiquitination of the protein, thus decreasing its total cellular levels and nuclear localization 1, 23 . Nuclear presence of β-catenin, especially, is a hallmark of active WNT signaling 1, 24 . In this regard, we find that overexpressing SFRP1, SFRP2 and SFRP5 decreased levels of an overexpressed tagged wild-type or mutant β-catenin protein in HCT-116 and SW480 cells (Fig. 3e) . This finding may be especially surprising for the β-catenin ∆45 form, as it is thought to be constitutively stabilized through mutation of a serine site that must be phosphorylated to signal ubiquitination 1, 3 . But WNT signaling controls phosphorylation status through several different crucial serine and threonine sites, any of which, when mutated, contributes to increased WNT effects 25 , and individual colorectal cancers with CTNNB1 mutations contain only one mutant site at a time. Thus, in the setting of such individual mutations, there may still be selective tumorigenic advantage for increased WNT signaling.
We next examined endogenous β-catenin levels in HCT116 and SW480 cells transfected with SFRP genes. Immunofluorescence analysis showed decreased levels of overall cytoplasmic and nuclear β-catenin in SW480 cells, which contain an APC mutation, with overexpression of SFRP1, SFRP2 and SFRP5, but not of SFRP4 (Fig. 4a) ; we observed similar results in HCT116 (data not shown). Notably, we observed a specific loss of nuclear β-catenin, with retention of cytoplasmic and membrane-localized content, in DKO cells that reexpressed SFRP genes and contained an endogenously mutated CTNNB1 gene (Fig. 4b,c) .
What might be the functional consequences for colorectal cancer cells of WNT-pathway suppression by SFRPs? The oncogene MYC is a well known target gene of canonical WNT signaling 26 . We found that stable overexpression of SFRP1, SFRP2 and SFRP5 in SW480 cells resulted in substantial downregulation of MYC mRNA after 2 weeks of selection (Fig. 4d) . DKO cells also showed substantial downregulation of MYC, which is concordant with the results of our reporter assay and β-catenin staining experiment (Fig. 4e) .
We next looked at the effects of SFRPs on the growth and apoptosis of colorectal cancer cells. Decreased colony formation occurred in cells stably overexpressing each of the SFRPs (Supplementary Fig. 2 online), including, unexpectedly, SFRP4, which has the weakest WNT signaling inhibition when overexpressed. Notably, however, HCT116 and SW480 cells showed an induction of apoptosis that correlated perfectly with the differential effects of the SFRPs on WNT activity. HCT116 cells transiently transfected with SFRP1, SFRP2 and SFRP5, but not with SFRP4, had elevated apoptosis responses (Fig. 4f,g ), and SW480 cells showed similar effects (data not shown). We next tried to place the in vitro data in the context of the progression of primary colorectal cancer. We first analyzed APC mutations and SFRP methylation in 91 primary colorectal cancer tumors. Sixtythree tumors (69.2%) showed mutations in APC and 81 tumors (89%) showed methylation of both SFRP1 and SFRP2. Mutations of APC in primary colorectal cancer tumors frequently then coincided with methylation of SFRP genes. Normal colon tissues from individuals who have colorectal cancer, but not from individuals without tumors, can show some detectable methylation by methylation-specific PCR (MSP) analysis 5 . We therefore further analyzed the methylation status of SFRP1 in peripheral blood lymphocytes from a healthy individual, normal colon tissue from an individual without colorectal cancer, and paired normal colon tissues and tumors from five individuals with colorectal cancer (Fig. 5a) . Both peripheral blood lymphocytes and normal colon tissue from an individual without cancer showed virtually no methylation by either bisulfite sequencing or MSP. In some individuals with colorectal cancer, although MSP detected partial methylation of SFRP1 in both the normal counterpart and the tumor tissue, bisulfite sequencing showed that almost the entire promoter region was densely hypermethylated in half the clones analyzed from the tumor. The unmethylated clones probably came from contaminating normal stromal cells. In contrast, the normal counterpart showed heterogeneous patterns; in particular, CpG sites around the transcription start site did not show dense hypermethylation. Normal tissue samples from individuals with colorectal cancer that showed weak or no methylation signals by MSP had methylation of only a few CpG sites and lacked dense methylation near the transcription start site ( Fig. 5a and Supplementary Fig. 3 online) . We correlated the hypermethylation and expression of SFRP genes in normal colon mucosa from individuals with colorectal cancer or colorectal adenoma (n = 5) and primary tumor tissues harboring hypermethylated SFRP genes (n = 8) and found, by real-time PCR, substantial overall decreases in the expression levels of SFRP1, SFRP2 and SFRP5 (Fig. 5b-d) . The presence of normal cells in these tumors could contribute to an underestimation of both the promoter hypermethylation and expression of these genes in these studies. Indeed, xenografts into scid mice of fresh specimens from seven individuals with colorectal cancer, which contained no normal human cells, had complete methylation of SFRP1 and lacked expression by RT-PCR (Fig. 5e) . We observed similar results for SFRP2 in six of the seven individuals, and only one tumor with partial methylation expressed the gene (Fig. 5f) .
Mutational inactivation of the APC tumor suppressor occurs early, in premalignant lesions, in colorectal cancer progression 1 . We now find (Fig. 6a,c) , in 15 samples from 11 individuals, frequent methylation of SFRP1 and SFRP2 (14 of 15 and 13 of 15, respectively) in one of the earliest lesions, monoclonal aberrant crypt foci (ACF) 27 that usually lack APC mutations 28 . As is true in colorectal cancers 5 1.00E
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Normal colon Tumor and 8 of 15, respectively). We also observed similar results in 30 samples of a later benign progression stage of colorectal cancer, colorectal adenomas, with higher methylation frequencies for SFRP1, SFRP2 and SFRP5 and a frequency of only 17% for SFRP4 (Fig. 6b,d ).
We propose, from our findings, that epigenetic downregulation of SFRP genes may be instrumental, through its contribution to previously unrecognized constitutive WNT ligand signaling and cell resistance to apoptosis, in the appearance of early premalignant changes that predispose to colorectal cancer. Although these changes alone may not be sufficient to induce colorectal cancer, the cells involved would then be particularly sensitive to malignant changes that might be initiated by mutations in APC or CTNNB1. The complementary effects of these epigenetic and genetic changes for WNT pathway activation then persist throughout colorectal cancer progression. In addition to these important biologic possibilities, hypermethylation patterns of SFRP genes may provide a potentially useful marker system for predicting the risk of colonic neoplasia. Finally, modulation of WNT protein-driven cell growth, through strategies such as monoclonal antibody blockade 29 or reversal of SFRP silencing, may represent potential targets for colorectal cancer prevention and treatment.
METHODS
Cell culture, drug treatment and tissue samples. We cultured the human colorectal cancer lines HCT116 and SW480 in McCoy5A medium (HyClone) supplemented with 10% bovine calf serum (HyClone). We cultured HCT116 cells with genetic disruption of DNMT1 and DNMT3B as described 19 . We treated HCT116 cells with 2 µM 5-aza-2´-deoxycidine for 72 h as described 5 . We obtained primary colorectal cancer samples and colorectal adenomas from surgical resections. The Human Tissue Procurement Facility of the Comprehensive Cancer Center of Case Western Reserve University and University Hospitals of Cleveland provided ACF samples (P30 CA43703). To establish colorectal cancer xenograft samples, we implanted fresh colorectal cancer specimens from surgical resections to scid mice dorsally. We collected the xenografts when they grew to >1 cm in diameter. We extracted genomic DNA with a phenol-chloroform procedure. We extracted total RNA by using the TRIZOL Reagent (Invitrogen).
Methylation analysis.
We carried out bisulfite modification of genomic DNA and PCR amplifications as described previously 5 . For bisulfite sequencing analysis, we amplified bisulfite-modified genomic DNA by using primers not specific for methylation status. We cloned the PCR products into pCR2.1 TOPO and sequenced. Primer sequences and conditions for MSP and bisulfite sequencing PCR are available on request.
RT-PCR analysis. We reverse-transcribed total RNA and carried out PCR as previously described 5 . We carried out real-time RT-PCR as described 21 . Primer sequences and conditions are available on request.
Cloning. We isolated full-length cDNAs for SFRP genes, WNT1, LEF1, wildtype CTNNB1 and mutant CTNNB1 (β-catenin ∆45) by using RT-PCR and cloned them into pCR2.1 TOPO vector (Invitrogen). After sequences were verified, we cut out the fragments of SFRP genes, WNT1 and LEF1 with EcoRI and ligated with EcoRI-digested pCMV-HA (Clontech) or pcDNA3.1/HisA (Invitrogen). We cut the CTNNB1 fragments with BamHI and XbaI and ligated them with BamHI and XbaI-digested pcDNA3.1/HisC (Invitrogen). Primer sequences and conditions are available on request.
Reporter assay. We plated 5 × 10 4 cells per well on 24-well tissue culture plates 24 h before transfection. We transfected cells in each well with 100 ng of pGL3-OT, a TCF-LEF-responsive reporter, or pGL3-OF, a negative control with a mutated TCF-LEF binding site; pCMV-HA-SFRPs with or without an empty vector to a total amount of 100 ng; and 2 ng of pRL-CMV vector using FuGENE6 (Roche). For cotransfection of pCMV-HA-SFRPs and pcDNA3.1/HisA-WNT1 or β-catenin or LEF1, we transfected cells with 50 ng of each vector plus reporter assay genes. After 48 h, we measured luciferase activities in a luminometer (BD Biosciences) and normalized the data for the background Renilla luciferase activities by using the Dual Luciferase Reporter Assay system (Promega) according to the manufacturer's instructions.
Transfection, western-blot analysis and immunofluorescence. For transfection, we plated 3 × 10 5 cells per well on 6-well tissue culture plates 24 h before experiments and transfected them with 4 µg total of a control plasmid and/or expression vectors using Lipofectamine 2000 (Invitrogen). For western-blot analysis, we collected cells after 48 h, separated freeze-thaw lysates of cells by SDS-PAGE and blotted them onto nitrocellulose membranes. We used antibodies against hemagglutinin (Santa Cruz), Xpress Epitope (Invitrogen) and β-catenin (Transduction Laboratories) at 1:200, 1:5,000 and 1:500 dilutions for immunoblot analysis. Immunofluorescence studies were carried out as described 30 . P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  P21  P22  P23  P24  P25  P26  P27  P28  P29 Northern-blot analysis. We resolved 10 µg of total RNA by agarose gel electrophoresis in the presence of formaldehyde and hybridized it with MYC or GAPD coding region probes amplified by RT-PCR as described above.
Colony formation assay. For selection and colony formation assay, we transfected cells with pcDNA3.1/HisA-SFRPs using Lipofectamine 2000 as described above, stripped and plated them on 100-mm tissue culture dish 24 h after transfection and selected them for 14 d with 0.6 mg ml -1 geneticin (Invitrogen).
Flow cytometry. We carried out flow cytometry analysis as described 21 . We fixed cells transfected either with each SFRP vector or with an empty vector, treated them with 2 mg ml -1 of RNase for 30 min at 37 °C and stained them in 50 µg ml -1 propidium iodide solution. We used a FACScan flow cytometer (Becton Dickinson) for analysis.
